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This work demonstrates that the magnetization and angular momentum compensation temperature (TMC 
and TAMC) in ferrimagnets (FiM) can be unambiguously determined by performing two sets of temperature 
dependent current switching, with the symmetry reverses at TMC and TAMC, respectively. A theoretical model 
based on the modified Landau-Lifshitz-Bloch equation is developed to systematically study the spin torque 
effect under different temperatures, and numerical simulations are performed to corroborate our proposal. 
Furthermore, we demonstrate that the recently reported linear relation between TAMC and TMC can be explained 
using the Curie-Weiss theory.  
 
 
    Magnetization dynamics of ferrimagnets (FiM) driven 
by spin-orbit torque (SOT) has attracted considerable 
attention, especially in material with antiferromagnetic 
coupled transition-metal (TM) and rare-earth (RE) alloy 
(e.g. GdX(FeCo)1-X or Co1-XTbX) [1-7]. The magnetization 
in FiM can be tuned through temperature (T) [2, 3] or 
material composition (X) [4-6], resulting in the 
compensation point (TMC or XMC) with zero net 
magnetization (mnet). The different g-factors of TM and 
RE induce another compensation (TAMC or XAMC) where 
the net angular momentum (Snet) vanishes [8]. 
Furthermore, FiM has faster dynamics than ferromagnet 
(FM) because of the strong exchange coupling between 
sub-lattices, and in contrast to antiferromagnets (AFM), 
the finite mnet enables the read out of FiM magnetic state 
using tunnel magnetoresistance (TMR) effect.  
    Recently, the domain wall dynamics near TAMC is 
predicted to be free from Walker breakdown [9] due to the 
decoupling of two collective coordinates, and the spin 
torque is greatly enhanced at the vicinity of XMC [5]. To 
exploit the rich physics near the two compensation points, 
one has to unambiguously determine the TMC and TAMC. 
TMC can be determined in many ways, including the direct 
measurement of magnetization using vibrating sample 
magnetometer (VSM) [5] or an indirect measurement of 
the anomalous Hall resistance (RAHE) versus magnetic 
field (H) loops at different T with coercivity field (HC) 
peaks at TMC [2]. However, it remains difficult to 
experimentally determine the TAMC. In addition, the 
difference between TAMC and TMC can vary from a few K 
to several tens of K in different samples.  
    In this Letter, we propose a device structure and show 
that the TAMC and TMC can be unambiguously determined 
by conducting two sets of current induced switching. 
First, we analytically exploit the symmetries in both types 
of switching. Next, a theoretical model based on the 
modified Landau-Lifshitz-Bloch (LLB) equation is 
developed to systematically describe the T dependent FiM 
dynamics. Finally, numerical simulations are performed 
to verify our proposal, and the relation between TAMC and 
TMC in different samples are studied to show the generality 
of our model.  
The device structure, schematically depicted in Fig. 1, 
consists of a magnetic tunnel junction (MTJ) deposited on 
top of the HM layer, with the two sets of operations 
defined in Fig. 1 (a) and (b), respectively. The MTJ 
includes one perpendicular-FM pinned layer (PL) and one 
perpendicular-FiM free layer (FL), sandwiched by a 
spacer layer (e.g. MgO). The FiM in this study is 
GdX(CoFe)1-X where Gd (CoFe) dominates at low (high)  
 
 
FIG. 1. Device structures with perpendicular FiM-MTJ 
deposited on the HM layer. The red dash line denotes the 
charge current, which is controlled by the voltages (VA,B,C). 
The cross symbol denotes the blocking of current path, 
which can be achieved by using a transistor. (a) The FL is 
switched by SOT, assisted by the HX. (b) The FL is switched 
by STT. (c, d) Illustration of T dependent switching 
corresponding to (a) and (b), respectively.  
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T. Since CoFe has a larger g-factor, TAMC is higher than 
TMC. In addition, the direction of charge current (JC) is 
controlled by the voltages (i.e. VA,B,C). 
As shown in Fig. 1 (a), a lateral JC flowing through the 
HM layer generates spin orbit torque (SOT) acting on the 
FiM layer due to the spin Hall effect [10] and Rashba-
Edelstein effect [11]. To achieve deterministic switching 
in the perpendicular direction, an external magnetic field 
(HX) along the current direction is required [1]. For 
simplicity, we define it as type-I switching. As we will 
discuss later, the switching direction in this type is 
determined by mnet, and a reversal in switching direction 
will be observed across TMC by plotting the T dependent 
mTM-J loop. In experiment, mTM can be obtained by 
measuring RAHE in a Hall bar structure, by noting that RAHE 
is mainly determined by the magnetic moment of TM 
element [1]. The switching direction of this type can be 
understood by analyzing two torques. The first one, τ = 
∆m × HX, generated by HX only determines the switching 
direction; the other one, ∆m = m × (m × σ ) where σ  is 
the spin polarization, originates from the spin torque and 
should be sufficient to overcome the energy barrier. It is 
clear that the switching direction is reversed by using an 
opposite HX or σ  , which qualitatively agrees with the 
experimental result [12]. Fig. 1 (c) illustrates the type-I 
switching in different T regions. For T < TMC, a +y-
polarized σ  generates ∆m in the −y-direction, resulting 
in τ = + z, i.e. mnet is switched from down to up. For both 
TAMC > T > TMC and T > TAMC, a −y-polarized σ generates 
∆m in the +y-direction, resulting in τ = − z, i.e. mnet is 
switched from up to down. Therefore, the mTM-J loop is 
reversed across TMC. 
The operation in Fig. 1 (b) is defined as type-II. The 
electrons flowing through the MTJ structure are polarized 
by the PL, and exert spin transfer torque (STT) on the FL 
by transferring their angular momentum [13, 14]. There is 
also finite SOT since JC flows through the HM layer. We 
neglect it for two reasons: a) it doesn’t lead to 
deterministic switching due to the lack of HX; b) since 
only the horizontal component of JC contributes to SOT, 
the torque is too small to disturb the equilibrium FiM state. 
As discussed later, the switching symmetry in this type 
reverses at TAMC, which is determined by the nature of spin 
torque. According to the formula of spin torque (τST = s × 
(s × σ )), it aligns the angular momentum antiparallel to 
σ . For both T < TMC and T > TAMC (see Fig. 1 (d)), mnet is 
opposite to snet, and the switching direction follows the 
conventional spin torque switching [15]. However, the 
switching pattern is abnormal for TAMC > T > TMC, where 
spin torque aligns mnet antiparallel to σ  . This 
phenomenon was first reported by Jiang et al. [8] in the 
study of STT switching of CoGd. In this region, mnet is 
parallel to snet. Due to the effect of STT, snet is aligned 
antiparallel to σ  , resulting in an antiparallel 
configuration between mnet and σ . By plotting the mTM-J 
loop, the switching direction in type-II is reversed across 
TAMC. 
To understand these FiM dynamics, a model which can 
systematically capture T dependence is required. The 
commonly used Landau-Lifshitz-Gilbert (LLG) model [8, 
16-19] is invalid for this purpose since it is based on the 
fixed magnetization length assumption. To describe the T 
induced magnetization length change, an additional 
longitudinal relaxation term is introduced into the LLB 
model. The model has been widely used to describe the 
FM dynamics at elevated T [20, 21], and recently the LLB 
of FiM is also developed to simulate laser-induced 
switching [22]. In this Letter, we derive the FiM-LLB 
equation with the spin torque contribution.  The dynamics 
of spin angular momentum at each lattice site is described 
by the atomistic LLG equation 
ˆ[ ( ( ) ( ( ))]I+ ) - H zγ ζ λ= × × × + × ×s s H s s H s s ,    (1) 
where H is the effective field including anisotropy field 
and exchange interactions with other atoms, ζ is the 
random thermal field, and HI is the spin torque field. 
Based on this atomistic equation, the collective behavior 
of sub-lattices is described by the corresponding Fokker 
Planck equation 
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where f is the spin distribution function, N is the vector on 
a sphere with |N| = 1, and λ is the damping constant. By 
transforming the spin angular momentum to the 
magnetization using 3 ( , )d N f t≡< >= ∫m s N N
together with the use of mean field approximation [22, 23], 
the final form of the LLB equation is derived as 
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    Eq. 3 contains two coupled equations for TM and RE, 
which need to be solved simultaneously. Numerical 
integration of Eq. 3 proceeds using a 4th order predictor-
corrector method, i.e. the first 4 steps are obtained by a 
4th order Runge-Kutta method, after which, the predictor 
is calculated using the 4th order multi-step Adams-
Bashforth method, and the corrector is computed using a 
4th order Adams-Moulton implicit method. The model is 
verified by benchmarking with experimental M-H loop 
and M-J loop [1, 2]. Furthermore, the model can capture 
the essential physics including the exchange interaction 
between TM and RE elements, T induced magnetization 
reduction [23], transition from RE to TM dominant by 
changing T or X [2, 4], peak of HC [2] and spin torque [6] 
at TMC. The details of the model derivation and the ability 
to capture essential physics will be described elsewhere.  
    Based on the modified LLB model, we then perform 
numerical simulations to verify our proposals. First of all, 
the effect of T on magnetization is investigated. As shown 
in Fig. 2 (a), the magnetizations of TM and RE reduce 
with T and vanish at a common Curie temperature, TC = 
315 K, which is a unique property of FiM since their FM 
counterparts have distinct Curie temperatures (TC_Fe = 
1043 K, TC_Gd = 292 K). This finding also highlights the 
strong exchange coupling between sub-lattices. The use 
of different g factors and magnetic moments for TM and 
RE (gTM = 2.05, gRE = 2, µTM = 2.217 µB, µRE = 7.63µB) 
leads to the separation of mnet and snet as shown in Fig. 2 
(b). The transition from RE to TM dominant occurs at TMC 
= 165 K, and the angular momentum transition happens 
at TAMC = 195 K. In addition, we find that the separation 
between TMC and TAMC varies from several K to several 
tens of K, depending on the strength of exchange coupling 
 
FIG. 2. Effect of T on (a) sub-lattice magnetization, and (b) 
net magnetization (left y-axis) and net angular momentum 
(right y-axis). The m = 1 is defined at T = 0. The intersections 
of the dash line with the magnetization and angular 
momentum denote the TMC and TAMC, respectively. 
between sub-lattices. It is worth noting that the results in 
Fig. 2 are obtained from equilibrium state calculation by 
solving the coupled Curie-Weiss equations, which cannot 
be experimentally verified due to the incapability of 
measuring the angular momentum. As we have discussed, 
both compensation points can be determined by 
exploiting the spin torque symmetry around TAMC and TMC. 
The simulation results for T dependent type-I and type-II 
switching are shown in Fig. 3. In type-I, mTM is switched 
from up to down under positive current for T < 165 K, 
whereas the switching direction is reversed for higher T 
(see Fig. 3 (a)). In contrast, the symmetry reversal in type-
II occurs at T = 195 K (see Fig. 3 (b)). According to the 
discussion in Fig. 1, TMC and TAMC are determined to be 
165 K and 195 K, respectively. The agreement between 
the equilibrium state calculation (Fig. 2) and the dynamic 
spin torque switching (Fig. 3) demonstrates the 
effectiveness of our model and provides an 
experimentally accessible method to determine TAMC.   
    Finally, we study the relationship between TAMC and 
TMC in samples with different X. As shown in Fig. 4 (a), a 
good linearity between TAMC and TMC is observed, which 
can be explained using the T dependent magnetization 
[24], i.e. the difference in sub-lattices magnetization leads 
to different compensation points. However, instead of 
using a simple power-law relation between MS and T [24], 
we solve the coupled Curie-Weiss equation to 
systematically capture the T induced magnetization 
change. Similar to the atomistic modeling result in ref. 
[23], we show that both TMC and TAMC only exist in certain 
region (0.23 < X < 0.26). For X < 0.23, due to small 
amounts of RE, the samples are TM dominant for all  
 
FIG. 3. Magnetization of the TM element versus JC under 
different T in (a) type-I, and (b) type-II. The HX in (a) is 1 
mT. The initial magnetization is mZ = 1 (−1) for the thick blue 
(thin red) lines. The two dash lines divide the diagram into 
three regions, i.e. T < TMC, TAMC > T > TMC, and T > TAMC. 
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FIG. 4. (a) Relation between TAMC and TMC. Blue dots are 
samples with different X ranging from 0.23 to 0.26, which 
are fitted using a linear function (red line). (b) The effect of 
X on TC, TAMC, and TMC, where TMC and TAMC only exist for 
0.23 < X < 0.26.  
temperatures, whereas the coincidence of TMC and TC 
makes RE dominant for X > 0.26. This explains the 
experimental observation that only certain samples have 
TMC [1]. The ability to capture TAMC, TMC and TC in 
different samples demonstrates the generality of our 
model, and the knowledge of the relation between TAMC, 
TMC and X would be helpful in designing room temperature 
FiM based electronic devices.       
    In conclusion, we proposed a device structure to identify 
the TAMC and TMC by conducting T dependent current 
switching. To systematically describe the FiM dynamics at 
different T, we have extended the LLB model to include 
the spin torque effect. We verify this proposal by 
numerically simulating two sets of T dependent switching, 
and the results agree with the equilibrium state calculation 
using Curie-Weiss equations. Furthermore, the recent 
reported linear relation between TAMC and TMC can be well 
explained using our model. The work should facilitate the 
study of current excited dynamics in FiM based devices.  
We acknowledge financial support from CRP award no. 
NRF-CRP12-2013-01 and MOE2013-T2-2-125. 
 
 
a)a0132576@u.nus.edu, b)elelg@nus.edu.sg 
[1] N. Roschewsky, T. Matsumura, S. Cheema, F. Hellman, T. Kato, S. 
Iwata, S. Salahuddin, Spin-orbit torques in ferrimagnetic GdFeCo alloys, 
Applied Physics Letters, 109 (2016) 112403. 
[2] O. Takaya, K. Kab-Jin, T. Takayuki, K. Sanghoon, M. Takahiro, Y. 
Hiroki, T. Arata, O. Teruo, Temperature dependence of magnetoresistance 
in GdFeCo/Pt heterostructure, Applied Physics Express, 9 (2016) 073001. 
[3] W. Seung Ham, S. Kim, D.-H. Kim, K.-J. Kim, T. Okuno, H. Yoshikawa, 
A. Tsukamoto, T. Moriyama, T. Ono, Temperature dependence of spin-orbit 
effective fields in Pt/GdFeCo bilayers, Applied Physics Letters, 110 (2017) 
242405. 
[4] J. Finley, L. Liu, Spin-Orbit-Torque Efficiency in Compensated 
Ferrimagnetic Cobalt-Terbium Alloys, Physical Review Applied, 6 (2016) 
054001. 
[5] R. Mishra, J. Yu, X. Qiu, M. Motapothula, T. Venkatesan, H. Yang, 
Anomalous Current-Induced Spin Torques in Ferrimagnets near 
Compensation, Physical Review Letters, 118 (2017) 167201. 
[6] N. Roschewsky, C.-H. Lambert, S. Salahuddin, Spin-orbit torque 
switching of ultralarge-thickness ferrimagnetic GdFeCo, Physical Review 
B, 96 (2017) 064406. 
[7] S.K. Kim, K.-J. Lee, Y. Tserkovnyak, Self-focusing skyrmion racetracks 
in ferrimagnets, Physical Review B, 95 (2017) 140404. 
[8] X. Jiang, L. Gao, J.Z. Sun, S.S. Parkin, Temperature dependence of 
current-induced magnetization switching in spin valves with a ferrimagnetic 
CoGd free layer, Physical review letters, 97 (2006) 217202. 
[9]. K.-J. Kim, S.K. Kim, Y. Hirata, S.-H. Oh, T. Tono, D.-H. Kim, T. Okuno, 
W.S. Ham, S. Kim, G. Go, Y. Tserkovnyak, A. Tsukamoto, T. Moriyama, 
K.-J. Lee, T. Ono, Fast domain wall motion in the vicinity of the angular 
momentum compensation temperature of ferrimagnets, (2017). 
[10] L. Liu, C.-F. Pai, Y. Li, H.W. Tseng, D.C. Ralph, R.A. Buhrman, Spin-
Torque Switching with the Giant Spin Hall Effect of Tantalum, Science, 336 
(2012) 555-558. 
[11] I. Mihai Miron, G. Gaudin, S. Auffret, B. Rodmacq, A. Schuhl, S. 
Pizzini, J. Vogel, P. Gambardella, Current-driven spin torque induced by the 
Rashba effect in a ferromagnetic metal layer, Nat Mater, 9 (2010) 230-234. 
[12] L. Liu, O.J. Lee, T.J. Gudmundsen, D.C. Ralph, R.A. Buhrman, 
Current-Induced Switching of Perpendicularly Magnetized Magnetic 
Layers Using Spin Torque from the Spin Hall Effect, Physical Review 
Letters, 109 (2012) 096602. 
[13] J.C. Slonczewski, Current-driven excitation of magnetic multilayers, 
Journal of Magnetism and Magnetic Materials, 159 (1996) L1-L7. 
[14] L. Berger, Emission of spin waves by a magnetic multilayer traversed 
by a current, Physical Review B, 54 (1996) 9353-9358. 
[15] M. Hosomi, H. Yamagishi, T. Yamamoto, K. Bessho, Y. Higo, K. 
Yamane, H. Yamada, M. Shoji, H. Hachino, C. Fukumoto, A novel 
nonvolatile memory with spin torque transfer magnetization switching: 
Spin-RAM, in:  Electron Devices Meeting, 2005. IEDM Technical Digest. 
IEEE International, IEEE, 2005, pp. 459-462. 
[16] C.D. Stanciu, A.V. Kimel, F. Hansteen, A. Tsukamoto, A. Itoh, A. 
Kirilyuk, T. Rasing, Ultrafast spin dynamics across compensation points in 
ferrimagnetic GdFeCo: The role of angular momentum compensation, 
Physical Review B, 73 (2006) 220402. 
[17] M. Binder, A. Weber, O. Mosendz, G. Woltersdorf, M. Izquierdo, I. 
Neudecker, J.R. Dahn, T.D. Hatchard, J.U. Thiele, C.H. Back, M.R. 
Scheinfein, Magnetization dynamics of the ferrimagnet CoGd near the 
compensation of magnetization and angular momentum, Physical Review 
B, 74 (2006) 134404. 
[18] H. Oezelt, A. Kovacs, F. Reichel, J. Fischbacher, S. Bance, M. 
Gusenbauer, C. Schubert, M. Albrecht, T. Schrefl, Micromagnetic 
simulation of exchange coupled ferri-/ferromagnetic heterostructures, 
Journal of magnetism and magnetic materials, 381 (2015) 28-33. 
[19] U. Atxitia, D. Hinzke, U. Nowak, Fundamentals and applications of the 
Landau–Lifshitz–Bloch equation, Journal of Physics D: Applied Physics, 50 
(2017) 033003. 
[20] D.A. Garanin, Fokker-Planck and Landau-Lifshitz-Bloch equations for 
classical ferromagnets, Physical Review B, 55 (1997) 3050-3057. 
[21] P.M. Haney, M.D. Stiles, Magnetic dynamics with spin-transfer torques 
near the Curie temperature, Physical Review B, 80 (2009) 094418. 
[22] U. Atxitia, P. Nieves, O. Chubykalo-Fesenko, Landau-Lifshitz-Bloch 
equation for ferrimagnetic materials, Physical Review B, 86 (2012) 104414. 
[23] T.A. Ostler, R.F.L. Evans, R.W. Chantrell, U. Atxitia, O. Chubykalo-
Fesenko, I. Radu, R. Abrudan, F. Radu, A. Tsukamoto, A. Itoh, A. Kirilyuk, 
T. Rasing, A. Kimel, Crystallographically amorphous ferrimagnetic alloys: 
Comparing a localized atomistic spin model with experiments, Physical 
Review B, 84 (2011) 024407. 
[24] Y. Hirata, D.-H. Kim, T. Okuno, T. Nishimura, D.-Y. Kim, Y. Futakawa, 
H. Yoshikawa, A. Tsukamoto, K.-J. Kim, S.-B. Choe, T. Ono, Correlation 
between Compensation Temperatures of Magnetization and Angular 
Momentum in GdFeCo Ferrimagnets, arXiv:1710.07779, (2017).
 
 
